Operationally-simple and reusable Pd-catalyzed mono and double Mizoroki-Heck reactions of aryl halides and dialkyl vinylphosphonates using i Pr 2 NH as a base in aqueous medium under air were developed. For aryl iodides, the reaction could be conducted at 80 C under a low catalyst loading (0.1-1 mol%). When aryl bromides were applied, however, a greater amount of catalyst (5 mol%) and a longer reaction time at 120 C were required. Simply changing dialkyl vinylphosphonates as the limiting reagent led to the formation of 2,2-diaryl vinylphosphonates in good to high yields. After reaction, the residual aqueous solution could be reused for both mono and double Mizoroki-Heck reactions, making the reactions greener and reducing wastage of precious metals and use of harmful organic solvents as the reaction medium.
Introduction
Alkenylphosphonates are important molecules that have been widely applied in organic synthesis, 1-14 materials science, [15] [16] [17] medical chemistry, [18] [19] [20] [21] and as polymer additives 22 and ame retardants. 23, 24 Transition-metal-catalyzed reactions for the formation of alkenylphosphonates mainly include crosscoupling of P(O)H with vinyl halides or pseudo halides, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] olen cross-metathesis, 41 reaction of HP(O) compounds with alkynes [42] [43] [44] [45] [46] [47] [48] [49] [50] or alkenes, 51, 52 Suzuki-Miyaura coupling of boronic acids with vinylphosphonates, [53] [54] [55] [56] [57] [58] [59] and Mizoroki-Heck reaction of vinylphosphonates with various aryl partners. [60] [61] [62] [63] [64] [65] [66] Although diverse methods have been used and impressive results obtained for the aforementioned reactions, most methods of such catalytic reactions use harmful organic solvents, such as CH 2 Cl 2 , toluene, and DMF, as the reaction medium. It would therefore be highly valuable to develop a transition-metalcatalyzed reaction for the synthesis of alkenylphosphonates that does not employ an organic solvent as the reaction medium. The introduction of neat water as the reaction medium possesses several advantages, including a low cost, nontoxicity, non-ammable nature, and easy separation from the organic products and reuse of water-soluble catalysts.
67-84
Although heterogeneous supported palladium catalysts have been applied to study recyclability, harmful DMF was employed as the reaction medium.
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On the other hand, transition-metal-catalyzed cross-coupling for the formation of 2,2-diaryl vinylphosphonates is rare. Known procedures include phosphorylation of 1,1-diarylethene by Ag 51, 85 or Cu, 26, 27, 86 arylzincation of alkynylphosphonates by Co, 87 Negishi coupling using vinylic tellurides, 88 arylation of alkynylphosphonates with aryl halides or arylboronic acids, 53, 89, 90 and HUSY zeolite-promoted hydrophenylation of diethyl (2-phenylethynyl) phosphonate with benzene. 91 However, the coupling of aryl halides and vinylphosphonates via a double Mizoroki-Heck reaction has not yet been explored.
In this study, we developed a green and operationally-simple palladium-catalyzed procedure to synthesize 2-aryl and 2,2-diaryl vinylphosphonates using water as the reaction medium under aerobic conditions. The use of aryl halides as the limiting reagent produces mono Mizoroki-Heck products; on the contrary, double Mizoroki-Heck products are selectively formed when vinylphosphonate plays the role of limiting reagent (Scheme 1). Moreover, the reusability of the residual aqueous solution for these two kinds of reaction was also examined.
Scheme 1 Pd-catalyzed mono and double Mizoroki-Heck reactions in water.
Results and discussion
In previous studies, we found that i Pr 2 NH is the best base to employ for the coupling of aryl halides and dialkyl allylphosphonates; 92 therefore, it was also used as the base in the Mizoroki-Heck reaction of aryl halides and dialkyl vinylphosphonate. As shown in Table 1 0 -bipyridyl ligand may be not crucial in the coupling reaction. Use of this catalyst without an auxiliary ligand to fulll the Mizoroki-Heck reaction has been described previously, in which Pd nanoparticles were formed during the coupling reaction. 92 The reaction rates of vinylphosphonates were faster than those of allylphosphonates, which may be due to the electron-withdrawing phosphonate group of 2a becoming attached directly to the vinyl carbon, which lowers the p* energy level of the olen, facilitating coordination of the p bond to palladium. Then, the catalyst loading was further reduced to 0.1 mol%, resulting in 68% and 70% product yields, respectively, with a prolonged reaction time (Entries 7 and 8). When 2a was replaced by diisopropyl vinylphosphonate, 2b, a near quantitative yield of 4a was also delivered under the conditions of Entry 4 (Entry 9). Other commonly-used palladium salts were also examined; however, the product yields were much lower than those obtained with PdCl 2 (NH 3 ) 2 (Entries 10-12). Therefore, reaction with 1 mol% PdCl 2 (NH 3 ) 2 in the absence of an auxiliary ligand (Entry 4) was chosen as the optimal condition.
Following optimization of the reaction conditions (Table 1 , Entry 4), a variety of aryl iodides 1 were reacted with 2 in order to explore the scope of this catalytic system. As shown in Table 2 , electron-rich aryl iodides 1b and 1c were arylated to 2 smoothly, delivering the corresponding products in high yields (Entries 1 and 2). With electron-decient aryl iodides, for instance 1d-j, the reactions took place very efficiently, and the desired products 3d-j and 4d-j were obtained in excellent yields (Entries 3-9). Sterically-congested 1k-m did not affect the reaction, and excellent product yields were achieved (Entries 10-12). 3-Substituted aryl iodides 1n-p, without an electronic effect on the aromatic ring, were able to be applied as reactants to couple with 2, providing the desired products 3n-p and 4n-p in excellent yields (Entries [13] [14] [15] .
The oxidative addition of aryl bromides to palladium is more difficult than that of iodides. So, increases of the reaction temperature and catalyst loading were required to achieve the coupling reaction when aryl bromides were employed. As illustrated in Table 3 , Mizoroki-Heck reaction of 5a and 2 with 5 mol% PdCl 2 (NH 3 ) 2 at 120 C in a sealable tube for 36 h led to the formation of 3a and 4a in 68% and 69% yields, respectively (Entry 1). Coupling of electron-rich aryl bromides 5b-c with 2 (Entries 2 and 3) was much slower than with electron-poor 5d-j (Entries 4-9). A steric effect on 2-substituted aryl bromides was apparent; therefore, coupling of 5k-m with 2 gave the target products in yields of between 35% and 61%, respectively (Entries 10-12). For 3-substituted aryl bromides, such as 5n-p, the products were given in yields comparable with those produced using 5a (Entries 13-15). When the limiting reagent was changed from aryl halides to vinylphosphonates, we were pleased to nd that double Mizoroki-Heck products could be selectively obtained (Table 4) . Under a lower catalyst loading, the reaction gave only a 47% yield of 6a when conducted at 80 C for 48 h (Entry 1). Further increasing the catalyst loading to 5 mol% was required to obtain a satisfactory outcome (Entry 2). Both electron-rich and -de-cient aryl iodides were able to couple with 2, giving the desired products in good to high yields (Entries 3-6). However, low yields were furnished when the triuoromethyl group was located at the para position (Entry 7). It was known that 4-substituted aryl iodides with strong electron-withdrawing functional groups such as NO 2 -and CF 3 -render the double Mizoroki-Heck reaction inert.
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Sterically-congested aryl iodides, such as 1k and 1l, were transformed efficiently to the corresponding 2,2-diaryl vinylphosphonates in higher yields, indicating that the steric effect did not hinder this double Mizoroki-Heck reaction (Entries 8 and 9). 3-Substituted aryl iodides 1n-1p were also well-tolerated under such conditions, which provided the corresponding double Mizoroki-Heck products in good to high yields (Entries 10-12). The proposed mechanism for both mono and double Mizoroki-Heck reactions was shown in Scheme 2. Aer the oxidative addition of an aryl halide to Pd(0) nanoparticles, coordination of a dialkyl vinylphosphonate to Pd(II) and subsequent migratory insertion of the aryl group occurred. The following b-hydride elimination delivered a mono MizorokiHeck product along with palladium hydride, which was neutralized by a base to regenerate Pd(0) nanoparticles. With regard to the double Mizoroki-Heck reaction, the produced mono Mizoroki-Heck product in the rst cycle acted as the alkene for the Pd(II) coordination. Aer migratory insertion and b-hydride elimination, the double Mizoroki-Heck product was afforded.
On the basis of the broad scope of this catalytic reaction, the reusability of the aqueous catalytic solution was then examined, and the results are summarized in Table 5 . Under conditions identical to those described in Table 2 , Entry 4, aer the initial reaction of 1e and 2a, the reaction mixture was extracted with ethyl acetate (3 Â 3 mL) and 3e was puried by column chromatography. The remaining aqueous solution was then charged with 1e, 2a, and base for the reuse run. Only slightly decreased product yields were obtained in the reuse runs (Entry 1). When 5i was employed, we found that the catalytic activity decayed quickly, and the formation of palladium black on the glass reactor was observed due to the higher reaction temperature (Entry 2). 92 In reuse studies for the double Mizoroki-Heck reaction, 1p and 2a were chosen as the representative reactants. Aer extracting with ethyl acetate (3 Â 3 mL), a 54% isolated yield of 6p could be still achieved in the second reuse run (Entry 3). This operationally-simple procedure therefore provides opportunities to reduce wastage of precious metals and decrease use of harmful organic solvents as the reaction medium, and meets the criteria of green chemistry. 
Typical procedure for the mono Mizoroki-Heck reaction
In a 25 mL reaction tube, PdCl 2 (NH 3 ) 2 (1 mol% for 1 or 5 mol% for 5) was added to H 2 O (3 mL) and the solution was stirred at room temperature for 10 min. The tube was then charged with 1 or 5 (1.0 mmol), 2 (2.0 mmol), and i Pr 2 NH (1.1 mmol) and stirred at 80 C for 6 h or 120 C (for which a sealable tube was used) for 36 h. Aer cooling the reaction to room temperature, the resulting mixture was extracted with EtOAc (3 Â 3 mL). The combined organic phase was dried over MgSO 4 , and the solvent was then removed under vacuum. Column chromatography on silica gel (hexane/EtOAc ¼ 1/9) afforded the desired product.
Typical procedure for the double Mizoroki-Heck reaction
In a 25 mL reaction tube, PdCl 2 (NH 3 ) 2 (5 mol%) was added to H 2 O (3 mL) and the solution was stirred at room temperature for 10 min. The tube was then charged with 1 (2.5 mmol), 2 (1.0 mmol), and i Pr 2 NH (2.5 mmol) and stirred at 80 C for 48 h.
Aer cooling the reaction to room temperature, the resulting mixture was extracted with EtOAc (3 Â 3 mL). The combined organic phase was dried over MgSO 4 , and the solvent was then removed under vacuum. Column chromatography on silica gel (hexane/EtOAc ¼ 1/9) gave the desired product.
Typical procedure for reuse of the residual aqueous solution for mono and double Mizoroki-Heck reactions
The reaction was conducted following the previously-described procedure. Aer reaction, the aqueous reaction mixture was extracted three times with EtOAc (3 mL) under vigorous stirring, and the organic product was isolated from the combined organic phase according to the previously-described procedure. The residual aqueous solution was then charged with 1 or 5, 2, and i Pr 2 NH for the next run.
Conclusions
In conclusion, we have successfully developed an operationallysimple and environmentally-benign Pd-catalyzed reaction for mono and double Mizoroki-Heck arylation of aryl halides and dialkyl vinylphosphonates using the greenest solvent, water, as the reaction medium under air. 2-Arylvinylphosphonates or 2,2-diarylvinylphosphonates can be selectively obtained by simply employing aryl halides or dialkyl vinylphosphonates as the limiting reagent. In addition, although the employment of aryl bromide showed poor reusability, the residual aqueous solution can be reused several times, making the reaction greener and greatly reduces the wastage of precious metals and use of harmful organic solvents.
